In the presence of bubbles, the velocity of sound in water can change significantly from its bubble-free value of approximately 1500 m/s. At frequencies below bubble resonance, the sound velocity is controlled by the total volume tion of sound waves propagating through a bubbly mixture is most important at frequencies matching the resonance of the bubbles. Away from bubble resonances, the attenuation diminishes. A more detailed presentation of the dispersion and attenuation effects caused by bubbles can be found in Clay and Medwin 9 and in Commander and Prosperetti. m Sound is a powerful tool which can be used to remotely monitor upper-ocean processes. For example, passive techniques include the monitoring of wind speeds TM and rainfall rates 12'13 over the oceans and the detection of breaking waves? It is also hoped that in the near future we may be able to remotely sense the dissipation of surface wave energy by breaking ls-17 and the transfer rates of gases across the air-sea interface. 18 However, many of the benefits offered by acoustic remote sensing near the ocean surface depend on prior knowledge of the propagation characteristics between the source (near or at the surface) and the receiver located at some depth below the surface? Without this information, it is difficult to separate acoustic features that are caused by the source from those caused by the medium through which the sound must propagate. Since the rough water surface and the air bubbles below it dominate the nature of sound propagation near the surface; it is necessary to have a good description of the spatial and temporal changes in the sound speed and attenuation field within the bubbly region.
Only a few studies have been conducted on the measurement of sound speed near the ocean surface. Medwin and his co-authors made measurements of sound-speed fluctuations near the surface with a cw signal transmitted between two horizontal hydrophones at various frequencies in the range 15 to 100 kHz. 20'21 The sound speed was computed by measuring phase shifts at sea and by comparing them to a reference phase shift in bubble-free water. Their instrument had a resolution of 0.1 m/s but it was limited to a minimum measurement depth of 3 m in order to minimize surface reflections which would have corrupted the phase. Their results showed maximum sound-speed reductions on the order of 10 to 15 m/s at depths greater than 3 m during light wind conditions. These suggest that higher values are likely to be found closer to the surface. However, these measurements were taken from offshore platforms where the bubble densities are greater due to increased breaking on the structure of the platforms. It is likely that for similar wind speeds, measurements away from offshore platforms would yield smaller sound-speed reductions. Finally, these studies also showed that the sound speed was nondispersive below 25 kHz at 5 m depth for wind speeds of approximately 5 m/s. 
I. THE EXPERIMENTS

A. The instrumentation
The instrumentation and the technique are described in detail in separate papers. 22'23 Here we only give a brief overview. A light buoy was built to carry the probes and instrumentation [ Fig. l(a) ]. The buoy was equipped with six acoustic sound-speed measuring modules. Each module in-cluded a transmit and a receive omnidirectional hydrophone both rigidly supported on a stainless-steel rod [ Fig. l(b) ]. 
II. THE EXPERIMENTAL PROCEDURE
On a typical deployment, the buoy and its instrLlmentation were kept approximately 100 to 130 m from the ship and the boat was maneuvered such that the buoy was abeam the ship as much as possible. Thus the ship's wake was kept away from the buoy. The tether was constantly monitored and kept slack by maneuvering the boat accordingly. Hence, the buoy was effectively drifting under its own drag and the drag of the cable and floats that linked it to the ship. It should be pointed out that the length and draft of the R/V SPROUL were 38 and 2.9 m, respectively, while those of the R/V ASTERIAS were 14 and 1.4 m, respectively. Thus, since the separation between the ship and the buoy was significantly longer than the dimensions of the ships, we expect that interference from the ships was negligible.
The deployments generally lasted from 1 to 3 h and during that time, the sound-speed profiles were measured at different frequencies for a period of 10 to 20 min at each frequency. The selected frequencies were 5, 7.5, 10, 15, and 20 kHz for the San Diego experiment. For the Buzzards Bay experiment, 5 and 10 kHz were used along with a broadband pulse signal (see below) covering a frequency range from 6 to 40 kHz. The sound speed was processed at a rate of 2 Hz at each depth and a small fraction of the data set was processed at the maximum rate of 4 Hz. The time series were composed of continuous 80-s data segments separated by 10-s gaps during which the raw data (acoustic pulses) and the processed data (time delays) were written to optical disk. In the presentation of the results, the small 10-s gaps are ignored when plotting 20-min time series but are taken into account in the data processing and they are displayed when plotting shorter time segments. found to be 2.7 m/s and the peak-to-peak noise approximately +_5 m/s. The higher noise level at 5 kHz was caused by ship noise which typically is higher at lower frequencies. Although it may be clear that in general the average sound-speed anomaly increases with wind speed, it is less evident how the probability distribution of the signal may change with a change in wind conditions. Three sets of three 20-rain time series were selected to cover a significant range of wind speeds. All data selected were for acoustic frequencies of 10 kHz or less. The probability distributions of the sound-speed anomalies at a depth of 0.5 m for all three data sets (1 h each set) are shown in Fig. 7(a) along with the cumulative distributions in Fig. 7(b) . The probability distributions in Fig. 7(a) show an approximately exponential relationship with a slope that steepens with a decrease in wind speed. An interesting feature of the probability distributions at the higher wind speeds is their close match up to 40 m/s after which the slopes diverge. This suggests that the effect of higher wind speed is primarily to increase the frequency of occurrences of large sound-speed anomalies while keeping relatively constant the frequency of occurrence of smaller anomalies. In contrast, the depth dependency of the probability distributions in Fig. 5(a) 
C. Correlation with environmental parameters
Correlation of the average sound-speed anomalies with wind speed was performed. Only the data at 5 and 10 kHz were selected in order to ensure that the measurements were representative of the low-frequency sound speed (see Sec. III E). The sound-speed data and the environmental data were averaged over 20-min records. Figure 8 shows the average sound-speed anomaly plotted against wind speed. Although the data are correlated, there is nevertheless significant scatter which suggest that an averaging time longer than 20 min should be used to improve the correlation or that other environmental variables are of comparable significance. Measurements of significant waveheights with measurements of sound-speed anomalies were too limited to obtain meaningful correlations. Figure 9 shows a short time series of the highest soundspeed anomalies measured during the experiments. Notice that the actual sampled data points are shown in order to demonstrate that the high excursions in the signal are not due to single outliers. This particular time period was also recorded by the underwater video camera and two interesting features were viewed on the video recording which help our understanding of the anomalies observed. The underwater camera was equipped with a wide angle lens and was positioned to look horizontally at a depth of approximately 25 cm (details on the camera are given in Lamarre and Melville4). Hence, the camera was capable of observing bubble plumes being formed at the buoy and those being formed some distance away as long as they remained in the field of view. Fig. 9(a) Fig. 10(a) ]. Starting at 20 kHz, the sound-speed reductions caused by the void fraction are still present but the effect of bubble resonance on the sound speed become more important and they start to alter the signal significantly as the frequency increases above 20 kHz. Notice that features in the signal caused by the void fraction at low frequencies are well correlated with features at high frequencies which are due mostly to bubble resonance (for example the negative features 40 kHz). This was to be anticipated since the soundspeed fluctuations caused either by the void fraction or by bubble resonance must always coincide with the presence of a bubble cloud at the sensors.
D. Highest sound-speed anomaly measured
The vertical arrow in
It is also of interest to compute the amplitude of the received acoustic pulses relative to the signal amplitude in bubble-free water which is obtained at a low sea state. After bandpass filtering the broadband pulses, the amplitude is computed by measuring the maximum peak-to-peak amplitude of the received bandpass signal. {The amplitude data are not absolutely calibrated since amplitude fluctuations may result from both attenuation in the bubbly fluid and modulations in the electroacoustic efficiency of the transmitters with changes in the acoustic impedance of the medium. We have observed in lake trials that the amplitude of the signal slightly increased with a reduction in the sound speed. This explains the small positive fluctuations (increases in amplitude) which are correlated with the presence of bubble clouds in the 6 kHz amplitude measurements [ Fig. 11(a) ]. The data from Fig. 11(a) also suggests that the effect caused by a change: in the impedance of the medium is relatively small, at least for low frequencies.} Figure 11 shows time series of the amplitude (relative to that in bubble-free water) for the same data record as the sound-speed anomaly measurements shown in Fig. 10 . The similarities between the two figures are striking. The high-frequency reduction in amplitude (say above 15 kHz) complements the sound-speed anomalies at low frequencies (say below 20 kHz). At high frequencies, the acoustic pulses begin to excite bubbles into resonance and this causes increased attenuation of the signal. This is a well-known effect which has been observed by many investigators studying bubbly flows and a good review of measurements and theory can be found in Commander and Prosperetti. •ø Herwig and Nutze126 have measured similar time series of attenuation at these frequencies for stronger wind conditions and greater depth. They have also observed greater attenuation with increasing frequencies consistent with the data presented in Fig. 11 .
The aw:rage of the sound-speed time series shown in Fig. 10 were computed at all frequencies and the results are shown in Fig. 12 (circular symbols) . As expected from the previous analysis of the time series, the average sound-speed anomaly Ac is almost independent of frequency at frequencies below 20 kHz. Thus the data show that the lowfrequency asymptotic limit which occurs when the sound speed is solely dependent on the void fraction is reached for frequencies below 20 kHz at a wind speed of approximately 8 m/s. However, it is likely that this limit will be a function of the sea state and that at higher sea states the limit may be at a lower firequency since more larger bubbles are likely to be present below the surface in these conditions. At frequencies above 20 kHz, the average sound-speed anomaly de- Sound-speed anomalies were measured simultaneously with the sonar backscatter and are shown in Fig. 14(b), (c The sound-speed anomaly was found to agree relatively well with an exponential probability distribution where the probability of occurrence of large anomalies decreased exponentially with the magnitude of the anomaly. As anticipated, the exponential decrease was found to be significantly greater with depth since the probability of finding a large sound-speed anomaly at greater depth is smaller. The exponential decrease of the probability distribution was also found to be greater at low sea state and thus as one would expect, large sound-speed anomalies are less likely to be found in calmer sea conditions. The average (20 min) sound-speed anomaly at a depth of 0.5 m was found to increase with wind speed. The average anomalies were found to start increasing at wind speeds in the range 2 to 3 m/s which is consistent with the wind speed 
The measurement technique presented in detail in
Lamarre 23 and Lamarre and Melville 22 was expanded to include simultaneous measurements of the sound speed at multiple frequencies ranging from 6 to 40 kHz. The technique makes use of a broadband pulse which was bandpass filtered at various frequencies and cross correlated to extract the sound speed and received signal amplitudc at thc various frequencies. The technique could easily be improved to include real-time bandpass filtering and a much-higher upper frequency range (up to 100 kHz). The results obtained showed that the sound-speed anomaly became nondispersive below 20 ldtz. Above 20 kHz, the signal becomes dispersive and rapid changes in the sound-speed anomalies have been observed between 20 and 30 kHz. At higher frequencies (35 and 40 kHz), the average sound-speed anomaly became slightly negative indicating that the propagation velocity was increasing from its bubble-free value. The amplitude measurements at high frequencies (above 15 kHz) were found to complement the sound-speed anomalies at low frequencies (below 20 kHz) at all measurement depths. It is the passage of bubble clouds which generates both the sound-speed anomaly and the modulations in the signal amplitude and thus it is not surprising that the structure of both signals are complementary.
In our effort to understand the reasons for the rapid decrease in the average sound-speed anomalies between 20 and 30 kHz we have determined the shape of the bubble population from our measurement of sound-speed anomalies (Fig.   12) . 23 This is referred to as the "inverse" problem. The "for- where the slope be'comes a -6. This conclusion is for an 8-m/s wind speed. It is likely that the transition bubble size is greater at higher wind speeds since more large bubbles would be entrained by breaking.
Finally, an upward-looking sonar revealed the presence of bubble clouds which were found to correlate with large increases in the sound-speed anomaly. However it was found that although the sonar showed clouds extending down to a depth of 3 m and greater at a wind speed of 8 m/s, the significant sound-speed reductions and high void fractions were confined to the first meter below the surface.
